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Abstract
$ FRPSRVLWH IHUPLRQ PRGHO RI KLJKWHPSHUDWXUH VXSHUFRQGXFWLQJ FXSUDWH LV SUHVHQWHG EDVHG RQ WKH d-p PRGHO HPSKDVL]LQJ WKDW
WKH HOHFWURQLF VWDWH RI FRSSHU R[LGHV FDQ EH GHVFULEHG E\ WKH IHUPLRQV FRQVWUXFWHG ZLWK RSHUDWRUV QHZO\ GHILQHG E\ FRSSHU DQG
R[\JHQ KROHV 7KH +DPLOWRQLDQ LV VR PRGLILHG E\ WKH XQLWDU\ WUDQVIRUPDWLRQ XVLQJ WKHVH IHUPLRQ RSHUDWRUV DV WR HQDEOH XV WR
DSSO\ WKH PHDQ ILHOG DSSUR[LPDWLRQ 7KH PRGHO UHYHDOV WKDW WKH HIIHFWLYH LQWHUDFWLRQ EHWZHHQ WKHVH FRPSRVLWH IHUPLRQV FDQ
GHWHUPLQH WKH SVHXGRJDS RU WKH VXSHUFRQGXFWLYH VWDWHV DQG WKH &RRSHU SDLU IRUPDWLRQ LV FUHDWHG E\ WKH LQWHUSOD\ EHWZHHQ WKH d-p
K\EULGL]DWLRQ DQG WKH d-p H[FKDQJH DQWLIHUURPDJQHWLF LQWHUDFWLRQ 7KH SURSHUWLHV VXFK DV WKH JDS HQHUJ\ DQG WKH FULWLFDO
WHPSHUDWXUH DUH HYDOXDWHG E\ FRQVLGHULQJ WKH PL[HG HOHFWURQLF VWDWH ZKLFK FRPSRVHV RI WKH SVHXGRJDS DQG WKH %&6 VWDWHV
  7KH $XWKRUV 3XEOLVKHG E\ (OVHYLHU %9
6HOHFWLRQ DQG SHHUUHYLHZ XQGHU UHVSRQVLELOLW\ RI WKH ,66  3URJUDP &RPPLWWHH
Keywords: +LJK 7F VXSHUFRQGXFWLYLW\ 3VHXGRJDS VWDWH +XEEDUG PRGHO
1. Introduction
)RU KLJKWHPSHUDWXUH VXSHUFRQGXFWRUV +76 VXFK DV WKH FRSSHU R[LGHV LW LV HYLGHQW WKDW WKH GRSLQJ PXVW SOD\ DQ
LPSRUWDQW UROH IRU JHQHUDWLQJ VXSHUFRQGXFWLYLW\ +RZHYHU LQ VSLWH RI PXFK LQWHQVLYH VWXG\ DERXW WKH PHFKDQLVP RI
+76 LQFOXGLQJ WKH HDUO\ WKHRULHV >@ KRZ WKH GRSLQJ PDNH DQ LQIOXHQFH RQ &RRSHU SDLU IRUPDWLRQ VWLOO UHPDLQV DQ
XQVROYHG SUREOHP 2Q WKH RWKHU KDQG WKH VRFDOOHG ³SVHXGRJDS´ 3* DSSHDUV LQ WKH XQGHUGRSHG UHJLRQ >@ DQG WKH
LQWHUSOD\ EHWZHHQ GRSLQJ DQG WKH EUHDNGRZQ RI DQWLIHUURPDJQHWV VHHPV WR EH LQGLVSHQVDEOH IRU JHQHUDWLQJ WKH 3*
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5HFHQWO\ WR HYDOXDWH WKH RYHUDOO HOHFWURQLF VWDWHV RI +76 WKH DXWKRU VXJJHVWHG WKH IRUPXODWLRQ XVLQJ WKH QHZO\
GHILQHG IHUPLRQ RSHUDWRUV >@ ,Q WKLV SDSHU WKH SKDVH GLDJUDP RI KLJKWHPSHUDWXUH VXSHUFRQGXFWLQJ FXSUDWH LV
FRQVLGHUHG EDVHG RQ LWV IRUPXODWLRQ
2. Formulation
,W ZLOO EH DVVXPHG WKDW WKH +DPLOWRQLDQ LV JLYHQ E\ DQ H[WHQGHG +XEEDUG PRGHO IRU D VLQJOH OD\HU RI VTXDUH SODQDU
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ZKHUH WKH RSHUDWRU di FUHDWHV &X dxˉy KROHV DW VLWH i pj FUHDWHV 2 px py KROHV DW VLWH j Hd   DQG Hij LV WKH
QHDUHVWQHLJKERU KRSSLQJ LQWHJUDO U LV WKH RQVLWH &RXORPE UHSXOVLRQ DW D &X VLWH DQG Vıı LV WKH LQWHUDFWLRQ
EHWZHHQ QHLJKERULQJ &X DQG 2 VLWHV ,Q (T  WKH YDFXXP LV GHILQHG DV ILOOHG &X d DQG 2 p VWDWHV )LUVW OHW XV
FRQVLGHU WKH FDVH RI WKH QHDUO\ QRQGRSHG UHJLRQ +HUH WKH RSHUDWRU di pi DUH WUDQVIRUPHG DV VKRZQ LQ
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ZKHUH bi ,ci DUH WKH PL[LQJ RSHUDWRUV RI &X DQG 2 KROHV DQG VDWLVI\ DQWLFRPPXWDWLRQ UHODWLRQV UHVSHFWLYHO\ 7KH
RSHUDWRU iıp
a LV VR GHILQHG DV =KDQJ DQG 5LFH¶ WUHDWPHQW RI d-p PRGHO >@ DQG Hij LV JLYHQ E\ Hij ˉH   j    H
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+HUH WKH +DPLOWRQLDQ FRQVLVWV RI WKH DWRPLF HQHUJ\ RI FRPSRVLWH IHUPLRQV DQG WKH LQWHUDFWLRQ EHWZHHQ WKHP 7KH
PDQ\ H[SHULPHQWDO IDFWV LQGLFDWH WKDW WKH FRSSHU R[LGHV VKRZ DQWLIHUURPDJQHWV LQ WKH QRQGRSHG UHJLRQ > @ ,W LV
ZHOO NQRZQ WKDW WKH JURXQG VWDWH RI WKH DQWLIHUURPDJQHWV FRUUHVSRQGV WR WKH VRFDOOHG 0RWW LQVXODWRU 8VLQJ WKH
FRPSRVLWH RSHUDWRUV GHILQHG KHUH WKH QRQGRSHG ZDYH IXQFWLRQ LV UHSUHVHQWHG DV
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ZKHUH A RU B VKRZV WKH VXEVSDFH RI DQWLIHUURPDJQHWLF ODWWLFH DQG N LV QXPEHU RI &X VLWHV LQ D VLQJOH OD\HU 7KHUH
H[LVWV QR pKROH LQ KDOIILOOLQJ 0RWW LQVXODWRU ,Q WKH H[LVWHQFH RI pKROHV VLQFH Vıı ı  ı LV LGHQWLILHG WR EH
VPDOOHU WKDQ Vıı GXH WR d-p H[FKDQJH DQWLIHUURPDJQHWLF LQWHUDFWLRQ WKH LQWHUDFWLRQ WHUPV Vıı ZLOO SOD\ DQ LPSRUWDQW
UROH IRU GHWHUPLQLQJ WKH JURXQG VWDWH &RQVLGHULQJ WKH H[SHULPHQWDO IDFWV WKDW WKH GRSLQJ FDQ DOPRVW VXSSO\ WKH p
KROHV GRSLQJ KROHV FDQ EH H[SHFWHG WR RFFXS\ WKH TXDQWXP VWDWH FRUUHVSRQGLQJ WR WKLV VLWXDWLRQ )RU WKH UHODWLRQ Į
 ȕ ZKLFK DOORZV WKH UHOLDEOH YDOXH RI Hp DQG H WKH WHUP ıiıiiıiı ccbb c c  ıiıiiıiı bbcc c c  FDQ EH WKH PRVW DWWUDFWLYH LQWHUDFWLRQ
7KLV VXJJHVWV WKDW b-c RU c-b SDLU ZLOO PDLQO\ FRQWULEXWH WR GHWHUPLQH WKH JURXQG VWDWH 7KXV IRU HTXLYDOHQF\ RI VLWHV
WKH QRUPDOL]HG ZDYH IXQFWLRQ LV DVVXPHG WR EH
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ZKHUH WKH FRHIILFLHQW t LQGLFDWHV WKH SUREDELOLW\ RI ORFDODQWLIHUUR SDLU VWDWH 7KH JURXQGVWDWH HQHUJ\ LV JLYHQ E\
@>     c VVVVVVEDEDH VVVVVUtNsȌHȌE pAAp . 
(YLGHQWO\ WKH JURXQGVWDWH HQHUJ\ LV D IXQFWLRQ RI WKH SDUDPHWHU t ZKLFK GHWHUPLQHV WKH ZDYH IXQFWLRQ EXW RQ WKH
DSSUR[LPDWLRQ WKDW WKH GRSLQJ FDQ DOPRVW VXSSO\ WKH pKROHV WKH YDOXH RI t LV GHWHUPLQHG E\ WKH UHODWLRQ
GNtNsȌppȌ AiıiıA  |¦  ~~ į WKH GRSLQJ UDWLR UHODWLYH WR KDOIILOOLQJ 8VLQJ WKLV UHODWLRQ WKH JURXQGVWDWH HQHUJ\ LV
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1RWLFH WKDW U LV HIIHFWLYHO\ GHFUHDVLQJ GXH WR WKH GRSLQJ FRQGLWLRQ RI OHVV VXSSO\LQJ WKH dKROHV 7KH HQHUJ\ RI WKH
H[FLWHG VWDWHV ZLOO EH HYDOXDWHG E\ XVLQJ WKH SUHVXPHG H[FLWHG VWDWH ZDYHIXQFWLRQ DV IROORZ DV
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7KLV LV RUWKRJRQDO WR WKH JURXQG VWDWH IXQFWLRQ DQG FRUUHVSRQGV WR EUHDNLQJ XS D b-c c-b SDLU LQ i WKH VSLQXS
PHPEHU JRLQJ WR 
nc

nc ii cb   7KH H[FLWHG HQHUJ\ LV REWDLQHG DV
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@>  VVHH VVUtNȌHȌ pdpexcexc  )( 
&RQVLGHULQJ WKH HQHUJ\ GLIIHUHQFH EHWZHHQ WKH JURXQG DQG WKH H[FLWHG VWDWHV SVHXGRJDS HQHUJ\ LV HVWLPDWHG WR EH
ǻp _Ueff+V_ Ueff  Ud㸫VVVDQG WKH SVHXGRJDS WHPSHUDWXUH Tp LV DSSUR[LPDWHG DV WKH N'p N ҏ 7KH YDOXH RI V ZLOO
EH SURSRUWLRQDO WR İ GXH WR dp DQWLIHUURPDJQHWLF H[FKDQJH LQWHUDFWLRQ DQG EH RQ DYHUDJH WR ˉį GXH WR WKH
DQWLIHUURPDJQHWLF LQWHUDFWLRQ EHWZHHQ &X VLWHV 6R WKH GRSLQJ GHSHQGHQF\ RI V  Vİˉįİp LV DVVXPHG
KHUH 7KXV LQ WKH FDVH RI WKH QHDUO\ QRQGRSHG UHJLRQ Ep DQG ǻp DUH REWDLQHG DV D IXQFWLRQ RI į 1H[W FRQVLGHU WKH
FDVH RI WKH QHLJKERUKRRG RI RSWLPDOO\ GRSHG UHJLRQ &RQVLGHULQJ WKH EDQG SLFWXUH LQ WKLV FDVH  LV WUDQVIRUPHG
LQWR
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ZKHUH Ȥ   L LV WKH OHQJWK RI )HUPL OLQH LQ %ULOORXLQ ]RQH DQG E LV WKH HQHUJ\ ZLGWK FRQWULEXWLQJ WR WKH &RRSHU
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&RQVLGHULQJ WKDW WKH KROH FDUULHUV LQ WKH
RSWLPDOO\ GRSHG UHJLRQ DUH LQFUHDVLQJ WR mG m !  WKH UHODWLRQ RI   ppF mNmE HHGHFG //.   LV REWDLQHG
)RUˉNFV   WKH VXSHUFRQGXFWLYH PD[LPXP JDS HQHUJ\ DQG WKH JURXQGVWDWH HQHUJ\ DUH DSSUR[LPDWHO\ JLYHQ E\
H[S  VNm
Fpps
//HHGH  ' H[S  VNNmNE Fppps // HHGHFGH  
ZKHUH WKH HQHUJ\ UHODWLYH WR &Xd OHYHO LV PHDVXUHG DQG WKH FRQWULEXWLRQ RI WKH ckV IHUPLRQV WR WKH WRWDO V\VWHP
HQHUJ\ LV FRQVLGHUHG 8VLQJ WKH UHODWLRQ RI V = Vİˉįİp ǻs DQG Es FDQ EH DOVR REWDLQHG DV D IXQFWLRQ RI į
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3. Phase diagram of electronic states
7R HYDOXDWH WKH LQWHUPHGLDWH VWDWH EHWZHHQ WZR GRSHG UHJLRQV WKH IUHH HQHUJ\ RI WKH 3* DQG WKH VXSHUFRQGXFWLYH
VWDWHV ZLOO EH FRQVLGHUHG ,Q ERWK FDVHV WKH LQWHUDFWLRQ WHUP RI WKH IUHH HQHUJ\ RI WKH 3* DQG WKH VXSHUFRQGXFWLYH
VWDWHV LQLWLDOO\ GHFUHDVH ZLWK LQFUHDVLQJ GRSLQJ DQG DWWDLQV D PLQLPXP SRLQW ,W LV VR H[SHFWHG WKDW WKHUH H[LVWV WKH
PL[HG VWDWH LQ WKH LQWHUPHGLDWH UHJLRQ 7KLV LV FRQVLVWHQW ZLWK WKH UHFHQW UHVHDUFK LQ ZKLFK WKH 3* VWDWH FRPSHWHV
ZLWK WKH VXSHUFRQGXFWLYLW\ >@ 1RZ DQ RYHUDOO ZDYHIXQFWLRQ LV DVVXPHG WR EH
 sspp ȌfȌfȌ GGG  
ZKHUH įp įs DUH WKH GRSLQJ TXDQWLW\ RI 3* DQG VXSHUFRQGXFWLYH VWDWHV DQG WKH WRWDO GRSLQJ TXDQWLW\ į LV GHILQHG WR
EH į  fįp fįs 7KH WRWDO IUHH HQHUJ\ LV WKHQ JLYHQ E\ G  f Epįp f Esįs  ! f >  DQG WKH LQWHUPHGLDWH
UHJLRQ LV GHWHUPLQHG E\ PLQLPL]LQJ G ZLWK UHVSHFW WR į įp įs /HW XV LGHQWLI\ WKH GRSLQJ TXDQWLW\ įpm įsm E\
PLQLPL]LQJ Epįp DQG Esįs DQG HYDOXDWH WKH PLQLPXP SRLQW RI WKH WRWDO IUHH HQHUJ\ LQ WKH FRQGLWLRQ RI įpm  įsm
6LQFH WKH FDVH RI į  įpm PHDQV įp  į į   WKH V\VWHP ZLOO VKRZ D SXUH 3* VWDWH $W į  įpm VXSHUFRQGXFWLYLW\
DSSHDUV LQ WKH 3* VWDWH DQG WKH PL[HG VWDWH ZLOO EH PDLQWDLQHG XQWLO WKH 3* VWDWH GLVDSSHDU DW WKH GRSLQJ TXDQWLW\ įp
VDWLVI\LQJ į  įs ,Q PRUH LQFUHDVLQJ RI į WKHUH H[LVWV D SXUH VXSHUFRQGXFWRU 7KXV WKH RYHUDOO ZDYH IXQFWLRQ ZLOO
EH UHSUHVHQWHG DV WKUHH UHJLRQV RI į  įpm įpm į < įp DQG į ! įp UHVSHFWLYHO\
.,//,  GGGGGGGGGGGGGGG ssspsppppssp ȌȌȌȌȌȌȌ    
)RU ERWK UHJLRQV RI į < įpm DQG įp ! į > įpm ǻp DQG Tp ZLOO GHFUHDVH ZLWK LQFUHDVH RI į DFFRUGLQJ WR  DQG
YDQLVK DW į  įp 6LQFH WKH VXSHUFRQGXFWLYH UHJLRQ DSSHDULQJ DW į  įpm FDQ EH LGHQWLILHG WR EH FRPSRVHG RI YHU\
VPDOO VXSHUFRQGXFWLYH UHJLRQ WKH VXIILFLHQW FRKHUHQF\ WR GHWHFW WKH QHW VXSHUFRQGXFWLYLW\ ZLOO EH OHVV IRUPHG 7KHQ
WKH VXSHUFRQGXFWLYH VWDWH IRU įsm ! į > įpm FRXOG EH JLYHQ E\ WKH HIIHFWLYH JDS ǻHII  įˉįpmǻVįsįsˉGpm 7KLV
DOVR LQGLFDWHV WKDW WKH VXSHUIOXLG GHQVLW\ įsf LV H[SUHVVHG DV įˉįpm LQ WKH UHJLRQ RI įsm ! į > įpm 7KH VXSHUFRQGXFWRU
ZLOO EH WKH RSWLPDO GRSHG VWDWH DW WKH QHLJKERUKRRG RI į  įsm DQG LQ WKH RYHUGRSHG UHJLRQ ǻV DQG Tc ZLOO GHFUHDVH
ZLWK į DFFRUGLQJ WR GRSLQJ GHSHQGHQF\ 7KXV WKH SKDVH GLDJUDP RI HOHFWURQLF VWDWHV ZLOO EH WKHRUHWLFDOO\ REWDLQHG
E\ FRQVLGHULQJ WKUHH W\SHV RI HOHFWURQLF VWDWHV LQ  7R UHYHDO WKH UHDOLW\ RI WKH SKDVH GLDJUDP OHW XV HVWLPDWH įpm
įsm ǻpįpm DQG ǻVįsm XQGHU WKH VXLWDEOH FRQGLWLRQV RI V\VWHP SDUDPHWHUV VXFK DV İp, İ, Ueff, V  İ2V0/İp2 7KH
YDOXHV RI įpm DQG ǻpįpm DUH GHWHUPLQHG E\ WKH YDOXHV RI İİp _V_/Ueff DQG _V_ )RU H[DPSOH LQ WKH FRQGLWLRQ RI İİp 
 DQG _V_Ueff   a  _V _  H9 RQH REWDLQV įpm   a  DQG ǻpįpm   a  PH9 2Q WKH RWKHU KDQGįsm
DQG ǻVįsm DUH GHWHUPLQHG E\ WKH YDOXHV RI İİp İp DQG Ȥ_V_ 6LPLODUO\ LQ WKH FRQGLWLRQ RI İİp  İp  H9 _V_  
H9 DQG Ȥ   a  RQH REWDLQV įsm  a  ǻVįsm   a  PH9IRU Ș a  TVįsm   a  . 1RWH WKDW WKH
FDVH RI m   LV HYDOXDWHG m GRSLQJ LQFUHDVLQJ IDFWRU 7KRXJK ǻVįsm DQG TVįsm DUH VPDOOHU WKDQ WKH RSWLPL]HG
YDOXH RI <%&2 VXSHUFRQGXFWRUV etc IRU m !  WKHVH UHVXOWV DUH DOPRVW FRQVLVWHQW ZLWK WKH H[SHULPHQWDO GDWD
4. Conclusion
7KH HOHFWURQLF VWDWH RI KLJKWHPSHUDWXUH VXSHUFRQGXFWLQJ FXSUDWH LV LQYHVWLJDWHG E\ XVLQJ WKH PRGHO FRPSRVHG
RI QHZO\ GHILQHG IHUPLRQV 7KH SKDVH GLDJUDP LV HYDOXDWHG E\ FRQVLGHULQJ WKH PL[HG VWDWHV DQG LW LV IRXQG WKDW
QXPHULFDO VLPXODWLRQV DERXW WKH JDS HQHUJ\ DQG WKH FULWLFDO WHPSHUDWXUH DUH FRQVLVWHQW ZLWK WKH H[SHULPHQWDO GDWD
+RZHYHU WKHUH H[LVW VWLOO VRPH XQVROYHG SUREOHPV VXFK DV WKH RULJLQ RI OLQHDU UHVLVWLYLW\ DQG WKH UHODWLRQ ZLWK WKH
TXDQWXP FULWLFDO SRLQW 7KHVH SRLQWV ZLOO EH H[SORUHG LQ D IXUWKHU VWXG\
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